A new Gram-negative facultatively anaerobic eubacterium isolated from a near-shore sulphidic hydrothermal area is described. It differs from known genera of Gram-negative cocci, and is thus proposed to be a representative of a new genus. This isolate, Catenococcus thiocyclus, is able to oxidize thiosulphate to tetrathionate during batch growth in the presence of organic carbon and energy sources. That energy is gained from thiosulphate oxidation is indicated by an increase in the growth yield compared with similar cultures from which the thiosulphate had been omitted. Thiosulphate-cytochrome c oxidoreductase and endogenous cytochrome cs 53 were shown to be involved in thiosulphate oxidation in C. thiocyclus.
Introduction
The ability of heterotrophic bacteria to oxidize reduced sulphur compounds has been found to be more widespread than previously believed (Kuenen, 1989 ; Kelly & Harrison, 1989 ; Sorokin, 1991 a; . Most of the strains thus far studied in detail produce sulphate (Kelly & Harrison, 1989; Robertson et al., 1989; Kuenen et al., 1992) , but a large number, especially members of the genus Pseudomonas, oxidize thiosulphate to tetrathionate (Tuttle & Jannasch, 1972; Sorokin, 1992) . This phenomenon has also been observed in some facultatively anaerobic, fermentative bacteria (Mason & Kelly, 1988) .
During investigations of microbial physiology at nearshore hydrothermal areas in Matupy Harbour (New Britain Island, Papua New Guinea), a number of thiosulphate-oxidizing bacteria were isolated (Sorokin, 1991 6) . Most of the strains that produced tetrathionate from thiosulphate morphologically resembled members of the genera Pseudomonas or Vibrio, but others did not. This paper presents a description of a new species in a newly defined genus.
Methods
Isolation and culture. Strain TG 5-3 was isolated from a water sample from a near-shote sulphidic hydrothermal area at a depth of 0.5 m in Matupy Harbour of New Britain Island, Papua New Guinea. It appeared as a dense upper layer in sulphide gradient tube enrichments (Jergensen, 1989) supplemented with acetate, and was isolated on solid mineral medium with acetate and thiosulphate after aerobic incubation at 28 "C.
The mineral medium contained the following (g 1-I): NH4C1, 0.5; MgS04. 7H20, 0.3 ; CaC12. 2H20, 0.1 ; KH2P04 and K2HP04, between 2 and 10 depending on the required pH and buffering capacity; yeast extract, 0.05; NaCl, 20; trace elements (Pfennig & Lippert, 1966) , 1 ml. Unless otherwise stated, 10 mwacetate was provided as the carbon source. For solid media, 2% (wlv) bacto-agar (Merck) was added. Organic substrates were as shown in the text. When different nitrogen sources were to be tested during growth on acetate, the NH,+ was omitted and KNOJ (0.5 g I-'), urea (0.5 g 1-I) or NaN02 (0.1 g 1-I) was provided instead.
The ability to ferment sugars was assayed in Hungate tubes which had been flushed for 10 min with 0,-free argon. Chemolithoautotrophic growth was tested aerobically in mineral medium with 20 mMthiosulphate. Anaerobiosis for the fermentation and sulphate-and sulphur-reduction experiments was confirmed by the failure of a control culture of strain TG 5-3 to grow in medium containing acetate as the substrate, as acetate can only support growth of this strain in the presence of oxygen. The pH optimum for growth was determined in strongly buffered media of different initial pH values. During growth, samples were taken for pH and optical density determinations, and the pH was then adjusted with sterile KH2P04 solution. The growth rate, length of the lag phase and onset of lysis were used in the analysis. API 20B, API 20NE and API20E identification microplates (Montalieu-Vercileu, France) were used for the rapid determination of common taxonomic features. The results of these tests were analysed using the taxonomic database of the Netherlands Culture Collection (NCC).
Analytical techniques.
Thiosulphate and tetrathionate were measured by iodometric titration (Goehring et al., 1949) and by cyanolysis (Siirbo, 1957) . Sulphate was determined turbidimetrically (Cypionka & Pfennig, 1986) . Protein was measured by the Lowry method with BSA (Sigma) as standard. Products of glucose fermentation by strain TG 5-3 were analysed by HPLC as follows: Animex HPX-87C column, Waters UV-absorbance detcctsr, Spectra-Physics Sf4270 integrator, temperature 20°C, c a k r solvent 0.002 la-H2SO4 with a flow rate of 0-6 ml min-I . Electron microscopy. Samples for electron microscopy were prepared by the methods described by Dawes (1971) . Material for ultra-thin 0001-704 0 1992 SGM sections was fixed with glutaraldehyde and post-fixed with 1 % (w/v) OsO,. The ultra-thin sections were stained with uranyl acetate for 1 h, and then with lead citrate for 40min. Intact cells were negatively stained with ammonium molybdate. A Philips EM 201C transmission electron microscope was used.
Miscellaneous. Thiosulphate-oxidizing activity in cell extracts was determined by measuring rates of ferricyanide (Mason & Kelly, 1988) or oxidized cytochrome ~5 5 0 (Tuttle et al., 1983 ) reduction in the presence of thiosulphate. All measurements were done in 0.1 Mpotassium phosphate buffer, pH 6.7, with 2% (w/v) NaC1. Cytochrome reduction by thiosulphate was monitored using a Pye-Unicam 1800 spectrophotometer. Cytochrome spectra of whole cells after reduction by dithionite were made at room temperature using an Aminco DW-2 UV/Vis spectrophotometer attached to an Apple Macintosh computer for data processing. DNA extraction and purification, and determination of DNA base composition, were done as described by Marmur (1 96 1).
Results

Morphology and growth
Strain TG 5-3 was a Gram-negative, non-motile coccus ( Fig. la) forming chains ( Fig. 1 b) which were usually surrounded by a slime layer ( Fig. lc, d) . The size of the cells varied between 0.6 and 1.2 pm. In rapidly growing cultures on solid medium containing yeast extract and peptone, rod-like cells (which eventually divided to form cocci) were sometimes observed at the edges of colonies. Rod-like forms were rarely observed in liquid media. Division was within a single plane ( Fig. 1 e,f> . The mol% G + C (Tm) was 49.8 k0.5.
Colonies on solid media with acetate were large ( 5 10 mm), round, white, with an opaque centre and translucent edge. After prolonged incubation (2 weeks) the colour of the colony became yellowish. Growth in static liquid cultures occurred as slime layers on the surface, which formed a sediment with time.
Growth was NaCl dependent and occurred over a range between 0.5 and 8 % (w/v) NaCl, with the optimum concentration between 2.5 and 3.5 %. Growth took place over the pH range 56-74, with the optimum at 6.7-6.9. If Mg2+ or Ca2+ levels were low, or if the pH was allowed to increase above 7.5, spheroplast formation and lysis occurred. Lysis was observed with organic acids (acetate, pyruvate, succinate, lactate) and thiosulphate (because of the hydroxyl ions generated during tetrathionate formation), but not with glucose (presumably because of the acids formed during fermentation). The temperature range for growth was 10-35"C, with the optimum at 25-28 "C.
Physiology
Strain TG 5-3 was both catalase and oxidase positive. Growth on sugars was more rapid than on other organic compounds. Aerobic growth on the following sugars, and on starch, resulted in acid formation: D-glucose, Dmaltose, a,a-trehalose, sucrose, fructose. Aerobic growth on cellobiose and L-arabinose did not result in acid formation. All of these sugars, except L-arabinose, supported anaerobic growth. Ammonium, nitrate and nitrite served as nitrogen sources. Metabolism was either aerobic or fermentative ; denitrification did not occur with nitrate (1 g 1-I) or nitrite (0.1 g 1-l). However, strain TG 5-3 could reduce nitrate to nitrite. Spectra of dithionite-reduced cells revealed the characteristic peaks of cytochromes c and b.
From the results of the API 20 systems, it appeared that strain TG 5-3 expressed P-galactosidase, tryptophan deamidase and aminopeptidase, but did not express urease, arginine dehydrogenase, P-glucosidase or ornithine decarboxylase. It did not produce H2S from thiosulphate, make acetoin, hydrolyse gelatin or grow on McConkey agar.
Growth of strain TG 5-3 was inhibited by the following antibiotics (pg per sensitivity disc) : chloramphenicol, 10; streptomycin, 25 ; tetracycline, 50; erythromycin, 10; ampicillin, 2; kanamycin, 30; colistin sulphate, 10 ; nitrofurantoin, 200; sulfafurazole, 500; 3 IU of penicillin G. It was not inhibited by 5 pg cloxacillin or 25 pg cephaloridine.
Strain TG 5-3 oxidized thiosulphate to tetrathionate in batch cultures supplied with an organic substrate, but could not grow autotrophically on thiosulphate. The thiosulphate-oxidizing system appeared to be constitutive, but the level of activity in the culture increased for several hours after exposure to thiosulphate. Thiosulphate oxidation and tetrathionate formation paralleled growth (Fig. 2) . A maximum thiosulphate oxidation rate of 1-17 pmol min-l (mg protein-') by whole cells was observed. Both the growth rate and biomass yield of cultures growing on acetate increased when the medium was supplemented with thiosulphate ( Fig. 3 a-c) , and the Cutenococcus thiocyclus gen. nou. sp. nov. 2289 Fig. I . Morphology of strain TG 5-3. (a,B Electron micrographs of ultrathin sections; bars, 0.5 pm; (b) Phase-contrast micrograph of a culture grown in liquid medium with acetate; bar, 10 pm. (c, d, e yield increase was proportional to the amount of thiosulphate added (data not shown). However, when other organic substrates (succinate, fumarate, lactate, pyruvate, glucose, glutamate) were used, this increase was not observed, even though the thiosulphate was oxidized. The reasons for this are not clear, but may be linked to pH since the stimulatory effect of thiosulphate was more evident in acetate-grown cultures with a low initial pH (Fig. 3 a ) than a higher one (Fig. 3c) .
Cell extracts of strain TG 5-3 oxidized thiosulphate very slowly, with a maximum rate of 25 nmol min-' (mg protein)-'. The activity was not stimulated by the addition of oxidized mammalian cytochrome c550, a finding which supports the observed low activity of thiosulphate-cytochrome c5 50 oxidoreductase : about 2.5 nmol min-' (mg protein)-'. However, the activity of thiosulphate-ferricyanide oxidoreductase, at 950 nmol min-l (mg protein)-', was much higher. Thiosulphate immediately reduced cytochrome cSs3 when added to cell extracts (to about 70% of the reduction reached with dithionite). This result may indicate that the thiosulphate-cytochrome c oxidoreductase in these cells is specific to its own cytochrome c, as has previously been reported for enzymes from marine pseudomonads (Tuttle et al., 1983) and Rhodotorula sp. (Kurec, 1985) . Strain TG 5-3 did not reduce sulphate or tetrathionate under anaerobic conditions with acetate or glucose as electron donors. Although it could oxidize sulphur aerobically (results not shown), it was also able to reduce So to H2S under microaerobic conditions (dissolved oxygen was 1-5% of air saturation) with acetate or glucose as electron donors, and during anaerobic incubat ion with glucose.
Discussion
The new isolate, strain TG 5-3, cannot be easily placed in any known genus of Gram-negative bacteria. It differs from Thiosphaera and Paracoccus by its low mol% G + C and inability to grow chemolithoautotrophically, from Neisseria by its ability to ferment and thus grow anaerobically on sugars, and from the fermentative bacteria by its morphology. Among the Gram-negative cocci, strain TG 5-3 most closely resembles the genus Neisseria (e.g. mol% G + C and morphology). However, strain TG 5-3 differs in a number of significant aspects from Neisseria, including the ability to ferment sugars, an inability to grow anaerobically with nitrite as an electron acceptor, an ability to oxidize reduced sulphur compounds (thiosulphate, sulphur) and reduce sulphur, and growth in a marine habitat (Table 1) . A computer analysis of the results of the various API 20 tests showed strain TG 5-3 to be different from any known bacterial species. Formation of a new genus is therefore proposed to accommodate this strain. Because of its fermentative nature, and because thiosulphate oxidation terminates at tetrathionate, rather than sulphate (as it does in the respiratory colourless sulphur bacteria included in the genera Thiobacillus, Thiomicrospira and Thiosphaera), it does not seem appropriate to assign the prefix Thio-to its genus. Strain TG 5-3 has therefore been assigned the name Catenococcus thiocyclus in recognition of its ability to oxidize as well as reduce sulphur compounds and its tendency to grow as chains of cocci. A culture has been deposited in the Netherlands Culture Collection (Delft) under this name, and has been designated the type species of the genus. It has the collection number LMD 92.12.
Description of the genus Catenococcus
Caten .o. cocc'us. L. n. catena, chain; Gr. n. coccus, berry. Catenococcus, a chain of berries. Non-motile, Gram-negative coccoid cells, occurring singly, in pairs and chains, surrounded by slime. Facultatively anaerobic and able to ferment sugars. Acid is produced during aerobic growth on sugars. Can oxidize thiosulphate to tetrathionate when growing chemolithoheterotrophically on acetate and thiosulphate. Does not grow chemolithoautotrophically on thiosulphate. Can reduce hydrophobic molecular sulphur to sulphide in the presence of organic electron donors under microaerobic and anaerobic conditions. The respiratory chain includes cytochromes b and c. Oxidase and catalase positive. pH range for growth 56-74 (optimum 6.7-6.9), temperature range 10-35 "C (optimum 25-28 "C). Mol% G + C in DNA 49.8 k0.5 (Tm). Isolated from sulphidic marine water.
Type species Catenococcus thiocyclus LMD 92.12 (Netherlands Culture Collection, Delft). thi . o . cy'clus. Gr. n. thios, sulphur; Gr. n. cyclos, a circle. thiocyclus, a sulphur circle. Description as in the above paper.
